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Abstract 
Our understanding on the folding of membrane proteins lags behind that of soluble proteins 
due to challenges posed by the exposure of hydrophobic regions during in vitro chemical 
denaturation and refolding experiments. While different folding models are accepted for 
soluble proteins, only the two-stage model and the long-range interactions model have been 
proposed so far for helical membrane proteins. To address our knowledge gap on how 
different membrane proteins traverse their folding pathways, we have systematically 
investigated the structural features of SDS-denatured states and the kinetics for reversible 
unfolding of sensory rhodopsin II (pSRII), a retinal-binding photophobic receptor from 
Natronomonas pharaonis. pSRII is difficult to denature, and only SDS can dislodge the 
retinal chromophore without rapid aggregation. Even in 30% SDS (0.998 ΧSDS) pSRII retains 
the equivalent of six out of seven transmembrane helices, while the retinal binding pocket is 
disrupted, with transmembrane residues becoming more solvent-exposed. Folding of pSRII 
from an SDS-denatured state harbouring a covalently-bound retinal chromophore shows 
deviations from an apparent two-state behaviour. SDS-denaturation to form the sensory 
opsin apo-protein is reversible. We report pSRII as a new model protein which is suitable for 
membrane protein folding studies, and has a unique folding mechanism that differs from 
those of bacteriorhodopsin and bovine rhodopsin. 
 
Highlights 
• SDS-denatured pSRII remains helical but tertiary packing is disrupted. 
• Refolding of retinal-bound SDS-denatured pSRII shows non-two-state kinetics. 
• pSRII can be reversibly denatured in SDS to form sensory opsin apo-protein. 
• pSRII has a different folding mechanism to bacteriorhodopsin and bovine rhodopsin. 
• pSRII is established as a new model protein for membrane protein folding studies. 
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Introduction 
 
Membrane proteins constitute around 23% of the human proteome [1] and are involved in 
important functions, such as cell adhesion, signalling, molecule transport and catalysis. 
Misfolding, or failure of a protein to fold into its functional conformation, can lead to 
disruption of regulated cell functions and diseases through various mechanisms, including 
loss of function of the misfolded protein, cellular stress responses and cell death triggered by 
toxic accumulation of misfolded protein [2,3]. Membrane protein misfolding is implicated in 
the progression of various diseases such as cystic fibrosis, Charcot-Marie-Tooth disease 
and retinitis pigmentosa [4]. Insights on the folding mechanisms of membrane proteins might 
pave the way towards discovering new therapeutic approaches for membrane misfolding 
diseases. Protein denaturation in vitro offers an avenue for accessing selected 
conformations within the ensemble of structural states adopted by a protein whilst it is folding 
[5]. Hence, understanding the residual structure in the chemically denatured states of 
membrane proteins might provide mechanistic clues to how these proteins fold and misfold. 
  
Advances in studying membrane protein folding progress slower than that for globular 
protein folding due to various experimental challenges [6]. In vitro studies require membrane 
proteins to be functionally reconstituted in a detergent or lipid environment, which often also 
renders them resistant toward denaturation. Another challenge is the formation of 
aggregates due to exposure of large hydrophobic regions upon membrane protein 
denaturation. Experimental conditions that were successfully applied to unfold a particular 
protein might not be applicable to others; hence, no general approach seems to be suited. 
Beta-barrel membrane proteins tend to be denatured using chaotropes. Alpha-helical 
membrane proteins are often resistant to chaotropes, while ionic detergents such as SDS 
have been shown to be efficient denaturants for some cases, though the proteins are likely 
to be recalcitrant to complete denaturation [7]. Characterisation of the denatured states, and 
the unfolding and folding pathways require maximal and reversible unfolding of the protein 
with minimal aggregation. Although reversible chemical denaturation has only been 
demonstrated for a handful of alpha-helical membrane proteins [8–17], biophysical, 
thermodynamic and kinetic studies have enabled extensive characterisation of the molecular 
nature of denatured states [8,9,11,13,16–19], protein stability [10,12,13,17,20], transition 
state [21,22], and folding intermediates [23,24], hence yielding valuable insights on the 
folding mechanisms of alpha-helical membrane proteins. 
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A widely held concept for explaining the folding of integral alpha-helical membrane proteins 
is the two-stage model originally proposed by Popot and Engelman [25]. This model 
postulates that transmembrane helices are first formed independently after insertion into the 
membrane environment, followed by formation of tertiary packing during the second stage. 
The large retention of secondary structure in the SDS-denatured state of bacteriorhodopsin 
appears to support the idea that individual secondary structure elements can be stabilised in 
a micellar environment and are formed before native tertiary packing is established. 
However, the notion of individual transmembrane helices folding independently in a 
membrane environment has been partly questioned by structural studies on isolated helical 
fragments of bacteriorhodopsin, which show that C-terminal helices are only partially helical 
and require the presence of N-terminal helices to fold [26], hence implying that tertiary 
contacts are necessary for some transmembrane helices to acquire stable folds. The folding 
of rhodopsin deviates even further from the two-stage model. SDS-denatured rhodopsin 
reveals extensive abolishment of helicity and native tertiary interactions, and the formation of 
largely unfolded structures with some residual structure elements causing burial of specific 
cysteines and tryptophans [27]. Cell-based [28] and in vitro [27,29,30] folding studies on 
rhodopsin suggest that interactions between the extracellular and transmembrane domains 
constitute a ‘folding core’ which is important in the early stages of folding. Single-molecule 
dynamic force spectroscopy reveals a core of rigid structural elements in bovine rhodopsin 
but not in bacteriorhodopsin [29]. NMR and EPR studies of SDS-denatured rhodopsin show 
flexible cytoplasmic and extracellular ends while some residual structure remains in the 
transmembrane and extracellular regions [30]. The distributions of rigid and flexible 
segments in rhodopsin identified in these experiments are consistent with the results from 
simulated thermal unfolding studies using the Floppy Inclusions and Rigid Substructure 
Topography (FIRST) method. In comparison, simulation with bacteriorhodopsin shows 
clusters, which align with individual helices, breaking off early in the simulation. The 
unfolding mechanism of bacteriorhodopsin therefore illustrates better consistency with the 
two-stage model [31]. The more recent “long-range interactions model” [32] has been 
proposed in order to emphasise the importance of interactions between residues which are 
far apart in sequence but come close in space during early stages of protein folding. 
 
Sensory rhodopsin II (pSRII), from the archaeon Natronomonas pharaonis, functions as a 
repellent phototactic receptor to blue light via isomerisation of its all-trans retinal 
chromophore to the 13-cis conformation, enabling the archaeon to seek the dark when 
respiratory substrates are plentiful. Simulated thermal unfolding experiments suggest that 
pSRII is stabilised by a combination of mechanisms found for rhodopsin and 
bacteriorhodopsin [31], with a subset of helices breaking off early in the simulation and a 
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core involving residues from other helices and loops remaining until late. More experimental 
studies are needed to understand the folding pathway of membrane proteins, particularly 
how and when secondary and tertiary structure elements are being formed. Retinal-binding 
seven transmembrane helical proteins are excellent models for these studies, since the 
retinal chromophore acts as a natural reporter of the binding pocket and thus, the tertiary 
structure. 
 
In this paper, we have characterised the SDS-denatured states and kinetics for the unfolding 
and refolding of pSRII in SDS/diheptanoylphosphatidylcholine (c7-DHPC) mixed detergent 
micelles. Extensive screening of different denaturants and additives identified SDS as the 
most suitable denaturant for studying the unfolding of pSRII. Circular dichroism, UV-visible 
spectroscopy and tryptophan fluorescence show that the SDS-denatured state is 
characterised by loss of tertiary structure (inter-helical contacts) and little loss in secondary 
structure, similar to bacteriorhodopsin and hence distinguishing pSRII from the long-range 
interactions model. The native chromophore can be reformed from a SDS-denatured state 
with retinal remaining covalently attached and from the apo-protein state, showing that both 
protein folding and retinal attachment are reversible. Notable differences were found in the 
kinetics of SDS denaturation and refolding of pSRII compared to bacteriorhodopsin and 
other membrane proteins which fold via a two-state mechanism (i.e. no intermediates 
between folded and unfolded states), suggesting marked differences in the unfolding and 
folding pathways. Overall, this study has established pSRII as a new model protein for 
membrane protein folding studies. 
 
 
Results 
 
Denaturant and additives screening identify SDS as the most suitable denaturant for 
unfolding pSRII 
 
To identify the most suitable denaturant for unfolding pSRII, the extent of protein unfolding 
was determined by monitoring changes in the UV/vis absorbance of the retinal chromophore. 
The results are summarised in Fig. 1 and Table S1. The exquisite sensitivity of the retinal 
UV/vis absorbance fine structure enables facile monitoring of structural changes in the 
retinal binding pocket during pSRII denaturation and detection of unfolding intermediates. In 
pSRII, all-trans retinal is covalently linked to Lys-205 via a protonated Schiff base (PSB) 
(Fig. 1a), and gives rise to a main absorbance peak at 498 nm, with vibronic side bands at 
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460 nm, 420 nm and 370 nm (Fig. 1b) [33]. Retinal PSB devoid of native protein interactions 
absorbs at 440 nm (SR440) [34]. Schiff base hydrolysis leads to the release of free all-trans 
retinal, which absorbs at 390 nm (SO390) [35], from the sensory opsin apo-protein. 
 
pSRII was subjected to denaturation for 1 day at room temperature in the presence of 
different denaturants (Fig. 1c–e). Only sodium dodecyl sulphate (SDS), an anionic detergent, 
yielded complete unfolding and Schiff base hydrolysis, with only SO390 being observed 
(Fig. 1d). Like bacteriorhodopsin [36], pSRII cannot be denatured by urea and guanidine 
hydrochloride, whereas bovine rhodopsin is susceptible to both denaturants [37]. 
Trifluoroacetic acid led to the formation of SR440 which slowly decayed to form SO390 over 
the course of two weeks (results not shown), indicating that the rate of Schiff base hydrolysis 
is reduced considerably in an acidic environment. 
 
Aggregation was assessed by SDS-PAGE without boiling of the samples (for details see 
Methods and Supplementary Information). Fig. 2 shows a silver-stained SDS-PAGE gel for 
pSRII in 0%, 0.5% and 3% SDS in the presence of 0.1% c7-DHPC for 0–72 hours. Native 
pSRII in 0.1% c7-DHPC ran as a major monomeric band and a minor dimeric band. 
Sedimentation velocity analytical ultracentrifugation of 4.9 µM pSRII in 0.1% c7-DHPC 
confirmed that the monomeric species accounts for more than 90% of the total loading 
sample while the dimeric species accounts for about 4% [38], consistent with the relative 
intensities of the two bands on SDS-PAGE gel. The amount of oligomerisation increased 
over prolonged unfolding time (Fig. 2), and correlated with the loss of alpha-helical structure 
and increase in beta-sheet structure over time (Fig. S1b). pSRII showed SDS 
concentration-dependent oligomerisation (Fig. 2). While dimers and higher-order oligomeric 
species were observed in both 0.5% and 3% SDS, the amount of higher oligomeric states 
was lower in 3% SDS. This suggests that 0.5% SDS induced slow or partial unfolding, and 
the exposed protein surfaces led to preferential formation of higher oligomers. pSRII 
remained predominantly monomeric and the amount of aggregation did not show noticeable 
increase after 2 hours in SDS, which is the typical timeframe for biophysics and kinetics 
studies reported in this paper. The amounts of dimers and higher-order oligomers steadily 
increased from 24 hours onwards in both 0.5% and 3% SDS.  
 
Further attempts at optimising unfolding conditions (see Supplementary Information and 
Table S2) in the presence of different additives and solvent conditions (salt concentration, 
pH) identified SDS at pH 6.0 and SDS at pH 2.0 as conditions which yielded maximal 
unfolding and the least amount of aggregation. Further biophysical studies were therefore 
pursued in different SDS concentrations at pH 6.0 and pH 2.0 to study structural changes 
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and kinetics of pSRII unfolding. Described below are the results obtained at pH 6.0. The 
results obtained at pH 2.0 are described in Supplementary Information. The results indicate 
that protein structural changes and unfolding kinetics at both pHs are dependent on molar 
fraction of SDS (ΧSDS), while Schiff base hydrolysis was found to be much slower at pH 2.0 
than at pH 6.0. 
 
Based on the combined criteria of the largest degree of denaturation and the least amount of 
aggregation, in subsequent sections, structural properties of SDS-denatured pSRII were 
studied at a maximum of 2 hours after initial exposure to SDS, thus ensuring complete 
unfolding and negligible amounts of aggregates accumulated across all conditions. Since the 
extent of membrane protein unfolding correlates with ΧSDS [20], high ΧSDS in low c7-DHPC 
concentration (0.1% c7-DHPC) was used in order to obtain maximally unfolded pSRII for 
biophysical characterisation of SDS-denatured states. The kinetics of unfolding and refolding 
reactions were studied in the presence of excess concentrations of SDS/c7-DHPC mixed 
micelles (SDS + 0.5% c7-DHPC) to obtain accurate rate constants while avoiding multiple 
micelle occupancy. Control experiments show that similar secondary and tertiary structure 
changes were yielded for SDS-denatured pSRII in the presence of 0.1% c7-DHPC vs. 0.5% 
c7-DHPC (Fig. S1e–f). 
 
 
Secondary structure changes 
 
The loss of secondary structure in pSRII, unfolded for 2 hours at pH 6.0 with 0–0.998 ΧSDS 
(0–30% SDS in 0.1% c7-DHPC), was monitored by circular dichroism spectroscopy. Little 
change was observed, suggesting that alpha-helical content was largely preserved in 
SDS-denatured pSRII at pH 6.0 (Fig. 3a) and at pH 2.0 (Fig. S4). Similar changes in 
alpha-helical content were observed for pSRII unfolded in SDS + 0.5% c7-DHPC (Fig. S1e). 
Changes in mean residue ellipticity (MRE) at 222 nm from folded pSRII can be divided into 
two distinct stages: ΧSDS up to 0.980 (3% SDS in 0.1% c7-DHPC) led to a decrease in MRE 
magnitude by up to 12.6 ± 1.0%; further increase in ΧSDS reversed this trend, with only 9.3 ± 
1.6% decrease in MRE magnitude observed at 0.998 ΧSDS (30% SDS in 0.1% c7-DHPC) 
(Fig. 3b). This slight increase in helicity at high ΧSDS could be attributed to SDS favouring the 
formation of non-native helical structures [39].  
 
Changes in different secondary structure elements calculated using CDPro software [40] are 
shown in Table S3 and Fig. S5. The fraction of regular helix (H(r)) experienced the greatest 
changes, showing significant decrease in > 0.834 ΧSDS at pH 6.0 and pH 2.0. The fraction of 
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distorted helix (H(d)) increased in > 0.893 ΧSDS at pH 6.0, but did not show significant 
changes at pH 2.0. The content of other secondary structure elements (regular sheet, 
distorted sheet, turn and unordered) showed only slight increase in > 0.834 ΧSDS at pH 6.0 
and pH 2.0. 
 
 
Changes in the Retinal Binding Pocket 
 
UV/vis spectra of the retinal chromophore were recorded to monitor structural changes at the 
retinal binding pocket (Fig. 4a). In low ΧSDS (≤ 0.893 ΧSDS; 0.5% SDS in 0.1% c7-DHPC), an 
isosbestic point at ~ 420 nm was observed. A spectral intermediate absorbing at 440 nm 
(SR440), characteristic of a PSB devoid of native retinal-protein contacts, appeared in ≥ 0.943 
ΧSDS (1% SDS in 0.1% c7-DHPC). 
 
To accurately determine the unfolding transition, equilibrium unfolding measurements were 
performed by unfolding pSRII in SDS in the presence of 0.5% c7-DHPC and monitoring the 
loss of absorbance at 498 nm after 10 minutes (Fig. 4b). 0.5% c7-DHPC was used to avoid 
multiple micelle occupancy by ensuring an excess molar ratio of detergent micelles to 
protein across all ΧSDS. The transition midpoint was around 0.81 ΧSDS, higher than those 
reported for bacteriorhodopsin [20,41], indicating that pSRII in c7-DHPC is more stable than 
bacteriorhodopsin. 
 
Each UV/vis spectrum was deconvoluted by non-linear least squares fitting of the 
chromophore absorbance peaks to a model of Gaussian peaks (Fig. S10c). Gaussian-fitted 
λmax of dead-time spectra in different ΧSDS (dead-time = 25 s) revealed ΧSDS-dependent red 
shift of the chromophore absorbance peak which closely matches the increase in unfolded 
protein fraction obtained from equilibrium unfolding measurements (Fig. 4b). Since the λmax 
values of protonated retinylidene model Schiff bases are sensitive to the proximity of the 
counteranion [42], spectral red-shift of the retinal chromophore could suggest an increase in 
the separation of the Schiff base counterion Asp-75 from the PSB upon denaturation of 
pSRII in SDS. The fitted λmax remained constant beyond 0.943 ΧSDS (5% SDS in 0.5% 
c7-DHPC), suggesting that further increases in ΧSDS did not yield further separation of 
Asp-75 from the PSB, and the binding pocket is already fully opened. 
 
 
Tertiary Structure Changes 
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pSRII contains 6 tryptophan residues, most of which are located in close proximity to the 
retinal chromophore (Fig. 5a). Their intrinsic fluorescence is quenched due to very efficient 
energy transfer to the retinal by FRET [43]. Fig. 5b shows the emission spectra of pSRII 
denatured in different ΧSDS at pH 6.0 for 2 hours. Increased tryptophan fluorescence 
intensities were observed, as Schiff base hydrolysis leads to removal of retinal from the 
binding pocket and away from the tryptophan residues. Tryptophan fluorescence of folded 
pSRII (0 ΧSDS) has λmax of 337 nm, which became gradually red-shifted with increasing ΧSDS 
up to 343 nm in 0.998 ΧSDS (30% SDS in 0.1% c7-DHPC). This indicates that some 
tryptophan residues have become more solvent-exposed upon protein unfolding. pSRII 
unfolded in SDS + 0.5% c7-DHPC (i.e. the conditions chosen for the kinetic studies) yielded 
similar observations (Fig. S1f). 
 
 
 
Solvent Accessibility of the Binding Pocket 
 
Hydroxylamine serves as a probe for monitoring protein conformational changes near the 
Schiff base in retinal-binding proteins [44,45]. Hydroxylamine becomes the preferred 
nucleophile for Schiff base cleavage instead of water, leading to the cleavage of the PSB 
and formation of retinal oxime, which absorbs at 360 nm (Fig. 6a) [46]. In the presence of 10 
mM hydroxylamine, pSRII in 0 ΧSDS at pH 6.0 exhibited slow retinal PSB hydrolysis, 
suggesting that the retinal binding pocket is relatively solvent-inaccessible (Fig. 6b(i)). The 
rate of chromophore bleaching increased significantly in the presence of 0.980 ΧSDS (3% 
SDS), with complete formation of retinal oxime within 30 minutes (Fig. 6b(ii)). This indicates 
that SDS leads to an increase in solvent-accessibility of the retinal binding pocket. 
Tryptophan fluorescence spectra of hydroxylamine-bleached pSRII, both in the absence and 
presence of SDS, showed increase in fluorescence intensity and ΧSDS-dependent red-shift of 
the peak (Fig. 6c), consistent with the release of retinal oxime and increase in 
solvent-accessibility of the binding pocket. In contrary to bacteriorhodopsin and bovine 
rhodopsin where the bleaching of purple membranes and bovine rod outer segment disk 
membrane in the presence of hydroxylamine did not lead to appreciable changes in the 
far-UV circular dichroism spectra [47,48], the presence of hydroxylamine led to greater loss 
of pSRII secondary structure beyond the unfolding transition while the transition point 
remained the same (Fig. 6d). This suggests that unlike in bacteriorhodopsin and bovine 
rhodopsin, some secondary structure elements of pSRII might be stabilised by the presence 
of retinal covalent attachment and native retinal-protein interactions. 
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Kinetic measurements of pSRII unfolding 
 
The results of our biophysical studies show that pSRII unfolds in SDS to form SO390 via a 
SR440 intermediate, as summarised in Scheme 1: 
 
  (1) 
 
where ku, kf and kh are the first-order rate constants for unfolding, folding and retinal Schiff 
base hydrolysis, respectively. 
 
In the SO390 state, most of the secondary structure remains while tertiary structure is 
disrupted. 
 
Since high ΧSDS were used for the unfolding reactions (ku >> kf), the unfolding model could 
be further simplified to yield Scheme 2: 
 
  (2) 
 
To gain further insights into the unfolding pathway, the kinetics of pSRII unfolding were 
monitored by UV/vis spectroscopy and the time courses fitted using non-linear least squares 
methods (see Methods). Kinetic studies were done in the presence of excess concentrations 
of SDS/c7-DHPC mixed micelles (SDS + 0.5% c7-DHPC) to obtain accurate rate constants 
and to avoid multiple micelle occupancy. 
 
Two rate constants, ku and kh, were extracted, describing changes in retinal chromophore 
absorbance when pSRII was unfolded in SDS at pH 6.0 (no hydroxylamine), as depicted in 
Scheme 2. ku, the first-order rate constant for the formation of SR440, increases with 
increasing ΧSDS (Table 1). ku is (44 ± 9) × 10-4 s-1 in 0.893 ΧSDS (2.5% SDS in 0.5% 
c7-DHPC), about 120-fold smaller than the bacteriorhodopsin unfolding rate constant of 0.54 
s-1 in 0.882 ΧSDS in SDS/DMPC/CHAPSO micelles reported by Curnow and Booth [20]. 
Bovine rhodopsin unfolds in 0.972 ΧSDS (1% SDS in 0.05% DDM) with the time constant 0.32 
± 0.01 s [27], corresponding to ku of 3.125 s-1, which is about 700-fold larger than for the 
unfolding of pSRII. Plotting the natural logarithm of ku against ΧSDS yields the unfolding arm 
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of the chevron plot (Fig. 7c), where ln ku increases linearly against ΧSDS. Minor non-linearity 
observed in high ΧSDS can be attributed to the formation of cylindrical micelles at high SDS 
concentrations [49,50]. 
 
kh, the rate constant of Schiff base hydrolysis, is independent of SDS concentration (Table 1). 
kh is (4.2 ± 0.6) × 10-4 s-1 in 0.834–0.971 ΧSDS (1.5–10% SDS in 0.5% c7-DHPC), similar to 
but slightly smaller than ~9×10-4 s-1, the rate constant of free retinal formation from the 
440-nm state of bacteriorhodopsin (bR440) reported by Curnow and Booth [20]. This 
suggests that SR440 and bR440 could have similar solvent accessibility to their binding 
pockets, but kh might also be rate-limited by other factors such as the reactivity of the Schiff 
base, possibly due to different unfolding conditions being used in these studies. 
 
 
Refolding from SR440 
 
Reversibility of in vitro unfolding is important for determining whether the denatured states 
are on-pathway species. Successful refolding was assessed by recovery of the native 
chromophore absorbance at 498 nm with its characteristic vibronic side bands at 460 nm, 
420 nm and 370 nm. Unfolded pSRII with retinal remaining covalently attached (SR440) was 
first attained by incubating pSRII in 0.943 ΧSDS (5% SDS + 0.5% c7-DHPC) for 4 minutes. 
Refolding was then initiated by 12-fold dilution of SR440 into refolding buffer containing 
different ΧSDS and monitored by UV/vis spectroscopy. All refolding kinetics were measured in 
the presence of 0.5% c7-DHPC to minimise effects due to multiple micelle occupancy. 
Refolding buffer included 0.500–0.700 ΧSDS (0.30–0.70% SDS) for measuring refolding rates 
in 0.698–0.779 ΧSDS (0.69–1.06% SDS). 
 
Absorption spectra were taken at fixed time points during refolding. Fig. 7a shows the 
spectra recorded in 0.698 ΧSDS, where the rate constant of folding (kf) was significantly 
greater than the rate constant of retinal hydrolysis (kh), and in 0.779 ΧSDS, where kf was 
similar to kh. In both cases, as the reaction progressed, absorbance at 440 nm decreased 
while absorbance at 390 nm and ~ 500 nm increased simultaneously, albeit at different rates. 
This indicates that formation of folded pSRII is fast whereas formation of SO390, either 
directly from SR440 or from slow unfolding of refolded pSRII, is slow and observable within 2 
hours only in ≥ 0.745 ΧSDS. For ≤ 0.723 ΧSDS, the time dependence of pSRII recovery was 
approximated with a single exponential model (kf >> kh) (Fig. S11a–c). For ≥ 0.745 ΧSDS, a 
double exponential model with the experimental rate constants R1 and R2 would be required 
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(Figs. 7b & S11d–f), and kf and ku were calculated from the experimentally determined R1, 
R2 and kh using Equations 12 and 13 (see Methods). Based on experimental unfolding 
kinetic measurements, kh is independent of ΧSDS (Table 1), and is taken as (3.72 ± 0.17) × 
10-4 s-1 for 0.834 ΧSDS in 0.5% c7-DHPC. It is noted that values of ku obtained from refolding 
kinetic measurements tend to be unreliable, as they are dominated by errors in kf and kh. 
 
In contrast to the unfolding arm of the chevron plot ln (kf and ln ku against ΧSDS) which is 
essentially linear, the folding arm showed clear deviation from a linear trend (‘roll-over’) 
(Fig. 7c). This result strongly indicates that formation of tertiary structure packing during 
refolding of SR440 is more complex than the two-state kinetics that has been observed for the 
equivalent process in bacteriorhodopsin [20,51]. There is no evidence for aggregation or 
multiple micelle occupancy being the origin of non-linearity in the folding arm (see Fig. S13 
and Supplementary Results), hence further supporting a more complex folding mechanism 
for pSRII. 
 
 
Refolding from SO390 state 
Refolding from the SO390 apo-protein state was explored to determine whether retinal Schiff 
base hydrolysis is reversible. SO390 was first attained by incubating pSRII in 0.893 ΧSDS 
(2.5% SDS in 0.5% c7-DHPC) for 2 hours at room temperature. Retinal was not removed 
after unfolding and no additional retinal was introduced. Refolding was initiated by 12-fold 
dilution of SO390 into refolding buffer and monitored for 2 hours by UV/vis spectroscopy. The 
refolding buffer included 0–0.294 ΧSDS (0–0.125% SDS in 0.5% c7-DHPC) to enable 
measurement of refolding kinetics in 0.410–0.519 ΧSDS (0.208–0.323% SDS in 0.5% 
c7-DHPC). 
 
Time-courses of refolding from SO390 showed an isosbestic point at 420 nm (Fig. 8a), 
suggesting that the rate-limiting step of the reaction is the reformation of retinal Schiff base, 
assuming that the reaction proceeds through SR440 (i.e. same pathway as unfolding). 
 
Time-courses of refolding from SO390 were modelled to Scheme 3 as pseudo first-order 
reactions: 
 
  (3) 
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where kapp is the apparent rate constant for the reconstitution of the native chromophore, 
taking into account both retinal re-attachment (reformation of the Schiff base) and protein 
folding. 
 
kapp in 0.410–0.519 ΧSDS ranged from 1.7 × 10-4 s-1 to 12.9 × 10-4 s-1 (Table 3), similar to the 
rate constant for refolding of bacteriorhodopsin from bO390 of 17 × 10-4  s-1 in 0.472 ΧSDS 
reported by Curnow and Booth [20]. This suggests that the rate of refolding from SO390 is 
limited by Schiff base reformation. The natural logarithm of kapp (ln kapp) appeared to be 
linearly-dependent against ΧSDS in 0.410–0.519 ΧSDS (Fig. 8b), though the fast kapp in < 0.4 
ΧSDS has precluded its measurement by means of manual mixing. 
 
Overnight incubation of the refolding reaction at room temperature led to a substantial 
increase in the amount of refolded pSRII compared to the recovery yield obtained after two 
hours (Fig. S14a). This additional slow phase for native chromophore recovery might 
suggest that there is a small population of misfolded SO390 which requires some structural 
rearrangements to be capable of rebinding retinal and hence refolds at a much slower 
timescale. 
 
Refolding yields were estimated by calculating the concentration of free retinal at the 
projected plateau of the single exponential fitted for the decrease in SO390 over the two-hour 
refolding time-course (Fig. S12). Refolding yields decreased with increasing amount of time 
(2–72 hours) during which pSRII remained unfolded in 0.893 ΧSDS, and correlated with the 
monomeric population left in the unfolded reaction assessed by SDS-PAGE (Fig. S1d: Lanes 
6–10) and quantified using ImageJ (Fig. 8c). Hence, only monomeric SO390 was capable of 
refolding to yield the native chromophore while the oligomeric species were irrecoverable 
misfolded off-pathway species. The refolding rate constant was shown to be independent of 
the time spent in the SO390 state and the extent of aggregation (Fig. S14b). 
 
 
 
Discussion 
 
Membrane proteins are notoriously difficult to denature due to their inherent stability once 
functionally reconstituted into membrane mimetics and their tendency to aggregate if the 
hydrophobic mimetic environment were perturbed. The studies presented in this paper first 
employed the screening of different denaturants and additives to simultaneously maximise 
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the extent of unfolding in pSRII and minimise aggregation of the unfolding intermediates and 
unfolded states. SDS was identified as the most suitable condition for pSRII unfolding 
studies, causing non-specific aggregation only after prolonged exposure of the protein to 
SDS over several days. Using various biophysical techniques (CD, UV/vis spectroscopy, 
tryptophan fluorescence), the molecular properties of the denatured states were 
characterised within 2 hours of SDS exposure, which is the minimum time required to fully 
denature pSRII across all ΧSDS with minimal aggregation. SDS-denatured pSRII preserved 
much of its helical secondary structure whilst its tertiary structure was largely disrupted, as 
evidenced by loss of the retinal chromophore and changes in tryptophan fluorescence 
intensities. The kinetics of unfolding and refolding reactions were characterised, yielding the 
chevron plot and showing pSRII to be a model protein with complex folding mechanism. 
 
 
Denaturant screening 
 
SDS was identified as the most suitable condition for unfolding pSRII. Non-specific 
aggregation was not observed within the typical timeframe of biophysical and kinetics 
studies (2 hours), despite being visible in the form of soluble oligomers over much longer 
timescale of days. While some guidelines are available for minimising aggregation mostly in 
the contexts of globular proteins, intrinsically disordered proteins, and protein refolding [52–
54], general recommendations for minimising aggregation of membrane proteins under 
denaturing conditions are lacking. The motivation behind screening different denaturants 
and additives is to find conditions which favour unfolding and disfavour aggregation. We 
explored typical methods for shielding exposed hydrophobic surfaces and balancing surface 
charges, but the case of SDS-denatured pSRII proved to be more complex. This is a 
challenging problem because the same driving forces, namely formation of hydrogen bonds 
and burial of hydrophobic surfaces, are involved in both aggregation and protein folding [52]. 
A compromise was found in which aggregation was minimised without limiting the extent of 
unfolding by conducting biophysical and kinetics investigations at shorter time periods (2 
hours). 
 
Previous unfolding studies of bacteriorhodopsin and bovine rhodopsin also identify SDS as 
the most suitable denaturant, and give rise to many biophysical and structural studies on the 
SDS-denatured states of these two proteins. The striking similarities in the properties of 
bacteriorhodopsin and pSRII in the presence of different denaturants (urea, guanidine 
hydrochloride, SDS mixed micelles at neutral and acidic pHs) suggest that the two proteins 
might have comparable unfolding mechanisms [36]. In contrast, the effects of denaturants on 
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bovine rhodopsin are very different: urea and guanidine hydrochloride both unfold rhodopsin 
but lead to aggregation, while SDS alone and 3% SDS + 8 M urea unfold rhodopsin to 
different extents, both without causing aggregation [37]. These differences in the response to 
different denaturants and the presence of aggregates in pSRII but not rhodopsin upon 
denaturation in SDS suggest different folding/unfolding pathways of pSRII vs. rhodopsin. 
 
 
SDS-denatured states of pSRII  
 
Overall, structural changes in pSRII upon denaturation in SDS both at pH 2.0 
(Supplementary Results) and at pH 6.0 (main text) included an increase in accessibility of 
the retinal binding pocket with concomitant larger exposure of this region to solvent up to 
0.943 ΧSDS. Most of the transmembrane helical structure was preserved, and the small loss 
of alpha-helicity was attributed to fraying of helix ends. Beyond 0.994 ΧSDS, non-native 
helical structure and burial of tryptophan residues were observed, likely because of the 
helix-inducing effect of the cylindrical SDS micelle environment wrapping around the protein 
[23,50]. The unfolding transition is comparable across the three biophysical techniques (Fig. 
3b, Fig. 4b & Fig. S9). Extensive comparison of unfolding rate constants extracted using 
different biophysical techniques was done for pSRII unfolding in SDS + 0.1% c7-DHPC (Fig. 
S8). For detailed comparisons of pSRII unfolding in pH 2.0 vs. pH 6.0 and for the 
comparison of unfolding rate constants across different biophysical techniques, see 
Supplementary Discussion. 
 
It is noticeable that pSRII unfolded much slower than both bacteriorhodopsin and bovine 
rhodopsin. This appears to contradict existing knowledge on the compactness of the native 
states of these proteins. Rhodopsin is the most compact and has limited susceptibility to 
bleaching even in the presence of 50 mM hydroxylamine [55], while micellar suspensions of 
monomeric bacteriorhodopsin [45] and pSRII (Fig. 6b(i)) showed detectable bleaching. While 
the utilisation of different detergent mixed micelle systems complicates a direct comparison 
of studies on the three proteins (c7-DHPC for pSRII, DMPC/CHAPS for bacteriorhodopsin, 
and DDM for bovine rhodopsin), this factor is unlikely to solely account for the large 
differences in unfolding rate constants. Preliminary studies of SDS-mediated unfolding of 
pSRII reconstituted in DDM yielded comparable rate constants for protein unfolding and 
Schiff base hydrolysis as those for pSRII in SDS/c7-DHPC (Fig. S15). Altogether, 
comparative studies on the SDS-denatured states of pSRII, bacteriorhodopsin and bovine 
rhodopsin point towards differences in stability, unfolding mechanisms and protein-SDS 
interactions amongst the three proteins. More systematic comparisons using comparable 
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conditions and membrane mimetics will be necessary to make more assertive conclusions 
on differences in kinetics and thermodynamic parameters between these proteins. Further 
investigation into the properties of mixed micelles and high-resolution studies on 
protein-detergent interactions in SDS-denatured pSRII will provide further valuable insights 
into the molecular nature of the denatured states and the unfolding/folding pathway. 
 
 
Folding Model for pSRII 
 
Although the SDS-denatured apo-protein states of both bacteriorhodopsin and pSRII retain 
significant amounts of secondary structure and no native retinal-protein interactions, there 
are fundamental differences in their unfolding/folding pathways and protein-SDS interactions. 
This was most notably exemplified by non-linearity of the folding arm in the pSRII chevron 
plot, suggesting either transient aggregation or the presence of ‘kinetically-invisible’ 
intermediate(s) in the folding of pSRII but not in bacteriorhodopsin. Given there is no 
dependence of the refolding rate constant on pSRII or detergent concentration (see 
Supplementary Results), transient aggregation and multiple micelle occupancy are unlikely, 
suggesting a complex folding pathway between SR440 and pSRII with on/off-pathway 
intermediate(s). It is difficult to reach a definitive conclusion about the existence and 
properties of the putative folding intermediate(s). Even for globular proteins, interpretations 
of non-linear chevron plots and conclusions about the presence and properties of 
intermediate states are often elusive and require extensive analyses of phi-values in different 
mutants. Nevertheless, it is evident that the folding pathway between SR440 and folded pSRII, 
which predominantly involves the formation of native tertiary packing, shows clear deviations 
from the two-state model exemplified by bacteriorhodopsin. 
 
Retinal binding was shown to be reversible and the refolding yield from SO390 correlated with 
the amount of monomeric SO390 left after prolonged incubation in SDS over several days. 
Reversible unfolding of the apo-protein state can be achieved for bacteriorhodopsin and 
pSRII, both of which retain significant portions of alpha-helicity in SDS. While refolding of 
SO390 was not studied in considerable detail here, kinetic studies of refolding 
apo-bacterioopsin from SDS into lipid/detergent micelles have enabled detection of multiple 
folding intermediates in the folding pathway [24,56,57]. In comparison, despite extensive 
efforts, chemically-denatured rhodopsin, which is characterised by largely disrupted 
secondary and tertiary structures in the apo-protein state, has thus far resisted refolding [58]. 
Refolding studies on these three proteins thus suggest that a minimal amount of stabilising 
structural elements might be required for reversible protein folding. Once again, we 
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emphasise that it is very challenging to obtain denatured states of membrane proteins which 
show minimal aggregation and are amenable to both biophysical characterisation and 
refolding studies. 
 
 
 
Summary 
Using various biophysical techniques, we have studied the denatured states of pSRII in SDS 
mixed micelles and the kinetics of unfolding and refolding from both the unfolded state with a 
covalently attached chromophore (SR440) and the apo-protein state (SO390). Similar to 
SDS-denatured bacteriorhodopsin, SDS-denatured pSRII retains a high alpha-helical 
content and loses most of the native retinal-protein contacts. The SDS-denatured states of 
pSRII, bacteriorhodopsin and bovine rhodopsin have very different refolding properties, even 
though refolding of bacteriorhodopsin and pSRII both involve predominantly the formation of 
native tertiary packing. Refolding of SDS-denatured bacteriorhodopsin with bound retinal 
adheres to two-state folding kinetics; refolding kinetics of the equivalent SR440 state showed 
clear deviations from the two-state folding regime; and refolding of bovine rhodopsin remains 
elusive even from partially denatured states. 
 
From this study, we present a low resolution model for the unfolding and folding pathways of 
pSRII. We propose pSRII as a new model protein for membrane protein folding studies that 
possibly has a unique folding mechanism, distinct from those of bacteriorhodopsin and 
bovine rhodopsin. Further high-resolution structural studies of SDS-denatured pSRII will be 
required to obtain residue-specific information on SDS-protein interactions, and to probe for 
different species in the denatured states ensemble of pSRII. 
 
 
 
Materials and Methods 
 
Materials: 
SDS (electrophoresis grade) and 50% (w/v) hydroxylamine hydrochloride were purchased 
from Sigma-Aldrich. Diheptanoylphosphatidylcholine (c7-DHPC) was purchased from 
Anatrace. 
 
Protein expression and purification: 
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Natronomonas pharaonis sensory rhodopsin II (pSRII) was expressed in E. coli 
Tuner(DE3)LacI cells (Novagen) and purified in 50 mM sodium phosphate pH 6.0, 50 mM 
NaCl, 0.05% (w/v) sodium azide (NaN3) and 2% (w/v) c7-DHPC as described previously [59]. 
Protein concentration was measured using a molar extinction coefficient of 48000 M-1 cm-1 
for the native retinal chromophore absorbing at 498 nm, or 49390 M-1 cm-1 for absorbance at 
280 nm [60]. 
 
Protein Unfolding: 
pSRII at ~450 µM was unfolded by a 67-fold dilution into unfolding buffer containing 50 mM 
sodium phosphate pH 6.0, 50 mM NaCl, 0.1% (w/v) c7-DHPC and different concentrations of 
denaturants. NaN3 was excluded from unfolding buffers for fair comparison across different 
biophysical techniques, as the strong UV absorbance by NaN3 interferes with far-UV circular 
dichroism spectroscopy. 
 
Refolding from SR440: 
pSRII at ~450 µM was unfolded at room temperature for 4 minutes by 33-fold dilution into 
unfolding buffer containing 50 mM sodium phosphate pH 6.0, 50 mM NaCl, and 0.943 ΧSDS 
(5% SDS + 0.5% c7-DHPC). The protein was refolded from the SR440 state by 12-fold 
dilution into refolding buffer containing 50 mM sodium phosphate pH 6.0, 50 mM NaCl, and 
different ΧSDS in 0.5% c7-DHPC. The quoted ΧSDS is the final ΧSDS remaining in the reaction 
after 12-fold dilution of the unfolding reaction into refolding buffer. The refolding reaction was 
monitored by UV/vis spectroscopy for up to 2 hours. 
 
Refolding from SO390: 
SO390 was obtained by a 2-hour incubation of pSRII diluted 33-fold into unfolding buffer 
containing 50 mM sodium phosphate pH 6.0, 50 mM NaCl, and 0.893 ΧSDS (2.5% SDS + 
0.5% c7-DHPC). Refolding from SO390 was initiated in a similar manner as for refolding from 
SR440, and the refolding reaction was monitored by UV/vis spectroscopy for up to 2 hours. 
The final spectrum of the refolded sample was recorded at least 16 hours after refolding was 
initiated. 
 
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE): 
SDS-PAGE analysis of pSRII at different denaturant concentrations was performed on a 
12% polyacrylamide gel at 90 V for 15 min followed by 180 V for 40 min. 2× Native loading 
dye containing 62.5 mM Tris-HCl, pH 6.8, 25% (v/v) glycerol, 0.01% (w/v) bromophenol blue 
[37] was used for the analysis of aggregation states in unfolded protein samples. PageRuler 
prestained protein ladder (10–180 kDa) (Thermo Fisher Scientific) was used as molecular 
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weight markers. Protein bands were visualised using the Pierce™ Silver Stain Kit (Thermo 
Fisher Scientific) according to manufacturer’s instructions. 
 
UV/Vis Spectroscopy: 
UV/Vis spectra were recorded at room temperature in a 10 mm path length cuvette using a 
UV-1800 spectrophotometer (Shimadzu). Spectra were recorded between 250 and 600 nm 
with a fast scan rate (accumulation time = 0.05 s) and a sampling interval of 1 nm. Each 
steady-state spectrum was reported as an average of 3 measurements. Time-course 
measurements were done by recording spectra in 1 min or 5 min intervals using the 
aforementioned settings, with a typical dead-time of 25 seconds before the first spectrum 
was recorded. 
 
Far-UV Circular Dichroism (CD) Spectroscopy: 
To avoid strong UV absorbance by NaN3, NaN3 was first removed from small aliquots (100 µl) 
of pSRII stock solutions by concentrating and diluting 3 times in a 0.5 ml centrifugal filter unit 
(10-kDa cutoff) (Merck Millipore) using a total of ~1.5 ml of 50 mM sodium phosphate pH 6.0, 
50 mM NaCl, 0.1% (w/v) c7-DHPC. CD spectra were recorded at 25 °C by scanning 
between 194 and 250 nm on an Aviv 410 spectrometer (Aviv Biomedical Inc.) using a 1×1 
mm cuvette. Each sample contains 0.17 mg/ml protein in a volume of 400 µl, measured 2 
hours after exposure to unfolding buffer. CD spectra of the buffer solutions were subtracted 
from the sample spectra and smoothed using a window width of 11 and a degree of 2. 
Spectra were reported as the average of 3 scans. Data for each experimental condition is 
reported as the average of 3 independent samples. 
 
All CD spectra were analysed using CDPro [40]. The helicity was estimated by taking basis 
set 10 containing both soluble and membrane proteins [40]. The built-in secondary structure 
determining algorithms CONTIN/LL [40,61], SELCON3 [62] and CDSSTR [63] were 
executed, using delta epsilon as the input. 
 
  (1) 
 
Here, θ is the observed ellipticity (millidegrees), l the path length (cm), c the protein 
concentration (M) and n the number of peptide bonds, taken as 246 for pSRII. 
Molar residue ellipticity (MRE) is calculated as: 
 
  (2) 
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To monitor time-dependent changes in alpha-helical content during SDS-mediated unfolding 
of pSRII, ellipticity was recorded at fixed wavelengths of 222 nm and 208 nm at 30-second 
intervals for 2 hours. The typical experimental dead-time is 1 min. 
 
Tryptophan Fluorescence: 
Fluorescence spectra were measured at 25 °C using a LS55 fluorescence spectrometer 
(Perkin Elmer) (excitation slit: 5.0 nm, emission slit: 17.5 nm). Emission scans were recorded 
from 310 to 500 nm using an excitation wavelength of 295 nm, at a scan rate of 100 nm/min 
and with a sampling interval of 0.5 nm. For time-course measurements, fluorescence 
emission at 335 nm was recorded with an integration time of 3 s. The typical experimental 
dead-time was 25 s. 
 
Hydroxylamine treatment of pSRII: 
Hydroxylamine hydrochloride was added to unfolding buffers to a final concentration of 10 
mM. The relative concentrations of the monobasic and dibasic sodium phosphate salts were 
adjusted accordingly to ensure that the final pH values of all unfolding buffers containing 
hydroxylamine were consistent (within 0.1 pH unit) with pH values of matching conditions 
without hydroxylamine. 
 
Calculations: 
Mole fraction of SDS 
The mole fraction of SDS (ΧSDS) was calculated as the bulk detergent composition in solution. 
  (3) 
Equilibrium Unfolding 
Absorbance at 498 nm were plotted against ΧSDS. Assuming that only the folded and 
unfolded conformations are present at any given time point of the unfolding reaction, the 
fraction of protein present in the folded ( ) and unfolded ( ) conformations, respectively, 
can then be represented as: 
  (4) 
 
 was calculated as: 
  (5) 
where  is the A498 of completely folded or native protein,  is the observed A498 at any 
point of denaturant concentration,  is A498 of the completely denatured or unfolded protein. 
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Kinetics fitting: 
UV/vis spectroscopy, CD spectroscopy and tryptophan fluorescence time course data were 
subjected to Levenberg-Marquardt non-linear least squares fitting using R codes (available 
upon request). 
 
UV/Vis spectra 
Time courses of absorbance spectra were modelled as the combinations of absorbance 
peaks varying over time according to a kinetic model. Each peak was treated as a Gaussian 
peak of the form , where c is the wavelength corresponding to the fitted peak centre 
and w is the half width at half maximum of the fitted Gaussian (Fig. S10c(i)–(iii)). 
 
All absorbance in the region 350–650 nm was assumed to be due to retinal species varying 
according to the kinetic model. The kinetic model was described with two consecutive 
first-order reactions, converting pSRII (absorbing at 498 nm) to SR440, which subsequently 
decays to SO390: 
   
Time courses were unfolded to a three-column matrix with a column for wavelength (nm), 
time (min), and absorbance for that wavelength at that time. These were then fitted to 
Equation 6 using the Levenberg-Marquardt least-squares fitting algorithm [64] as 
implemented in the minpack.LM package [65] for R [66]. 
 
 (6) 
 
where [Total] is the total protein concentration (see Equation 7), ku and kh are the fitted rate 
constants, and f was an error term that was added to allow for the dead time and the small 
amount of absorbance at 380 nm present in native spectra. Rate constants were reported as 
the mean of three independent measurements, with error bars representing the standard 
deviation. 
 
As no retinal was added during the experiment, at every point, the Beer-Lambert law was 
used with a known total concentration to approximate extinction coefficient-like values 
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(Equation 7) to convert the amplitudes of the fitted peaks to concentrations while accounting 
for peak overlap. This allowed peak amplitudes to be replaced in fitting with the 
concentration terms of the rate equations (Fig. S10c(iv)). 
 
  (7) 
 
Tryptophan fluorescence and circular dichroism 
Rate equations were used to fit tryptophan fluorescence (intensity at 335 nm vs. time) and 
circular dichroism (MRE at 222 nm vs. time) time courses. Fluorescence increases over time 
were fit to the sum of the rate equations for SR440 and SO390. The initial fluorescence was 
subtracted to remove pSRII’s contribution and simplify fitting. This yields Equation 8 when k1 
is sufficiently large. 
 
 (8) 
 
Under conditions where ku < kh, time courses approximate a single exponential curve. Single 
and double exponential fits to the data were compared using the Akaike Information Criterion 
and checked with cross-validation wherever ambiguous (Fig. S10a–b).  
 
Refolding from SR440 
  (9) 
 
The 350–650 nm region of the absorption spectra of pSRII were fitted to Equation 9. Each 
time point of the refolding time courses was fitted to a combination of three Gaussian peaks 
at around 390 nm, 440 nm and 500 nm, and terms for both linear and scattering baseline 
variation. Changes in the fitted absorbance intensities at ~ 500 nm over time were fitted to a 
double exponential model (Fig. S11d–f): 
 
  (10) 
 
where R1 and R2 are the macroscopic rate constants, and A1 and A2 are the amplitudes of 
the fast phase and the slow phase, respectively. 
 
R1 and R2 are the solutions to the following quadratic equation: 
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  (11) 
 
Derivation of Equation 11 was done as outlined by Schlebach et al [22]. 
Based on the quadratic equation, the microscopic rate constants kf and ku were extracted 
using the following relationships and experimentally determined values of R1, R2 and kh: 
 
  (12) 
 
  (13) 
 
Under conditions where the rate of retinal hydrolysis is very slow compared to the rate of 
folding, changes in the fitted absorbance intensities at ~ 500 nm over time were 
approximated to a single exponential model (Fig. S11a–c): 
 
  (14) 
 
where the observed rate constant was approximated as the de novo refolding rate kf. 
 
Refolding from SO390 
The absorption spectrum of native pSRII contains one main retinal absorption peak at 498 
nm, 3 shoulder peaks at 460 nm, 420 nm, and 370 nm, and protein absorption peak at 280 
nm [33]. Five native spectra were fitted to these peaks, four of which were symmetrical 
Gaussian functions, and the 420 nm peak, the width of which was allowed to vary 
sigmoidally with wavelength to allow for previously reported skewedness [33]. Retinal peak 
amplitudes were normalised to have a sum of 1, and parameters were averaged for the 
retinal peaks to find a peak profile for native pSRII. 
 
Each time point of the refolding time courses was fitted as a combination of some multiple of 
the native profile, a peak around 390 nm for free retinal and terms for both linear and 
scattering baseline variation (see the first two terms of Equation 15): 
 
 (15) 
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The concentrations of free retinal and native pSRII were extracted from these timepoints. 
Since the total concentration is constant, and the parameters B and A390 were assumed to 
be proportional to the concentrations of native pSRII and free retinal respectively, the 
concentrations of these species were estimated by fitting these parameters for each 
timepoint to Equation 16. 
 
  (16) 
where [Total] is the total protein concentration determined from the A280 peak, A390 and B 
were fitted values from Equation 15, and SO390 and pSRII were fitted coefficients, later used 
to calculate concentrations. 
 
The estimated values for SO390 concentration were fitted to an exponential decay model of 
the form , from which an apparent rate, kapp, and an asymptote, C, were 
obtained (Fig. S12). The asymptote of the curve estimates the fraction of the total 
concentration that cannot be refolded on the time scale of the experiment (2 hours). 
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ΧSDS 
Rate constants (×10-4 s-1) 
ku kh 
0.834 18 ± 3 3.7 ± 0.2 
0.870 36 ± 11 3.9 ± 0.3 
0.893 44 ± 9 4.5 ± 0.3 
0.909 62 ± 12 3.8 ± 0.4 
0.930 73 ± 4 4.1 ± 0.9 
0.943 106 ± 8 4.2 ± 0.9 
0.962 98 ± 17 4.5 ± 0.8 
0.971 111 ± 24 4.4 ± 0.6 
Table 1. Rate constants for pSRII unfolding in SDS/c7-DHPC mixed micelles. ku is the 
first-order rate constant for the formation of SR440 and kh is the rate constant for Schiff base 
hydrolysis. Errors are reported as standard deviations of 3 independent measurements. 
 
ΧSDS 
Rate constants  × 10-4 (s-1) 
R1 R2 kf ku 
0.698 - - 199 ± 52 - 
0.723 - - 110 ± 10 - 
0.745 81 ± 18 0.16 ± 0.05 74 ± 18 3.5 ± 1.4 
0.755 46 ± 7 0.32 ± 0.01 39 ± 7 4.0 ± 0.6 
0.763 31 ± 10 0.41 ± 0.18 25 ± 10 3.3 ± 1.8 
0.772 23 ± 3 0.76 ± 0.09 15 ± 3 4.7 ± 0.8 
0.779 19 ± 5 0.87 ± 0.62 12 ± 6 3.9 ± 2.9 
Table 2. Rate constants extracted for refolding pSRII from SR440. Under conditions 
where the rate of retinal hydrolysis is very slow compared to the rate of folding (0.698–0.723 
ΧSDS), changes in the fitted absorbance at ~ 500 nm over time were approximated to a single 
exponential model (Equation 14). In higher ΧSDS, changes in the fitted absorbance at ~ 500 
nm over time were fitted to a double exponential model to yield the macroscopic rate 
constants R1 and R2 (Equation 10). The microscopic rate constants kf and ku were extracted 
using experimentally determined values of R1, R2 and kh (Equations 11–13). Errors are 
reported as standard deviations of 3 independent measurements. 
 
ΧSDS kapp × 10-4 (s-1) 
0.410 12.9 ± 2.0 
0.436 5.1 ± 1.5 
0.459 4.6 ± 1.2 
0.480 3.0 ± 0.7 
0.500 2.0 ± 0.6 
0.519 1.7 ± 0.2 
Table 3. Apparent rate constants (kapp) for refolding pSRII from SO390. kapp takes into 
account both retinal re-attachment (reformation of the Schiff base) and protein folding. Errors 
are reported as standard deviations of 3 independent measurements. 
 
 31 
Figure Legends 
 
Figure 1. Denaturant screening for unfolding pSRII. (a) Retinal binding pocket of pSRII, 
where the all-trans retinal chromophore is covalently linked to Lys-205 via a protonated 
Schiff base. (b) Changes in the UV/vis absorbance of the retinal chromophore during 
denaturation of pSRII. The insets show schematic representations of the binding pocket and 
the corresponding photos of 90 µM pSRII in different spectral states. (c–e) Loss of retinal 
binding, determined by monitoring changes to the retinal absorbance peak by UV/vis 
spectroscopy, is taken as the hallmark of pSRII unfolding. All spectra are scaled to the 280 
nm peak of the native spectrum (red). Only the 300–600 nm spectral range is displayed to 
illustrate changes in the retinal absorbance peak. pSRII was exposed to denaturation for 1 
day in water-soluble denaturants (c), anionic and cationic detergents (d), and zwitterionic 
and non-ionic detergents (e). Only SDS, an anionic detergent, led to complete loss of native 
retinal-protein contacts (λmax = 390 nm). 
 
Figure 2. Detection of aggregates for pSRII unfolded in SDS + 0.1% c7-DHPC at pH 6.0. 
Silver-stained 12% SDS-PAGE gel showing increased aggregation over prolonged unfolding 
time of pSRII in 0% (lanes 2–5), 0.5% (lanes 6–9) and 3% SDS (lanes 10–13) at pH 6.0 for 0 
min, 2 h, 24 h and 72 h at 25 °C. Lanes 1 and 14, molecular weight marker; lane 15, pSRII 
boiled in 3% SDS + 9 M urea (3S9U) for 5 minutes at 95 °C. 
  
Figure 3. Secondary structure changes in SDS-denatured pSRII at pH 6.0. (a) CD 
spectra and (b) MRE at 222 nm for 7 µM (0.2 mg/ml) pSRII in 0–0.998 ΧSDS (0–30% SDS in 
0.1% c7-DHPC). Inset in panel (b) shows expanded view for the 0.75–1.00 ΧSDS region. 
Error bars represent the standard deviation of 3 independent measurements. 
 
Figure 4. Loosening of the retinal binding pocket in SDS-denatured pSRII at pH 6.0. (a) 
Time-resolved UV/vis spectra of pSRII unfolded in 0.980 ΧSDS (3% SDS in 0.1% c7-DHPC). 
(b) SDS-induced equilibrium unfolding of pSRII in the presence of 0.5% c7-DHPC monitored 
by UV/vis spectroscopy. λmax of the retinal chromophore at t = 0 min, obtained by nonlinear 
least squares fitting, is also plotted against ΧSDS, showing that the chromophore λmax is 
dependent on ΧSDS. Error bars represent the standard deviation of 3 independent 
measurements. 
 
Figure 5. Tryptophan fluorescence of SDS-denatured pSRII at pH 6.0. (a) Solution-state 
NMR structure of pSRII (PDB 2KSY), with tryptophan residues shown as pink spheres. (b) 
Tryptophan fluorescence emission spectra of 7 µM pSRII unfolded for 2 hours in 0–0.998 
ΧSDS (0–30% SDS in 0.1% c7-DHPC).	  Emission λmax (337 nm) of pSRII in 0 ΧSDS is shown as 
dotted line. 
 
Figure 6. Assessing solvent accessibility of the retinal binding pocket using 
hydroxylamine at pH 6.0. (a) Reaction mechanism of hydroxylamine with pSRII protonated 
Schiff base to form retinal oxime. Structures were drawn using MolView. (b) Time-resolved 
UV/vis spectra of pSRII unfolded in (i) 10 mM hydroxylamine (0 ΧSDS) and (ii) 0.980 ΧSDS 
(3% SDS) + 10 mM hydroxylamine in 0.1% c7-DHPC. (c) Emission spectra of 7 µM pSRII 
unfolded for 2 hours in 0–0.998 ΧSDS + 10 mM hydroxylamine in 0.1% c7-DHPC. Emission 
λmax (338.5 nm) of pSRII in 0 ΧSDS + 10 mM hydroxylamine is shown as dotted line. (d) MRE 
at 222 nm for pSRII in 0–0.998 ΧSDS + 10 mM hydroxylamine. Inset shows expanded view 
for the 0.75–1.00 ΧSDS region. Error bars represent the standard deviation of 3 independent 
measurements. 
 
Figure 7. Refolding of pSRII from the unfolded state (SR440). (a) Absorption spectra for 
refolding from SR440 in (i) 0.698 ΧSDS and (ii) 0.779 ΧSDS, both in 0.5% c7-DHPC. Both 
regeneration of native chromophore (498 nm) and formation of SO390 can be observed, with 
the rate of refolding being dependent on ΧSDS. (b) Changes in absorbance at ~500 nm in 
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high ΧSDS can be fitted to a double exponential to yield two macroscopic rate constants, R1 
and R2. (c) Chevron plot summarising the extracted microscopic unfolding and refolding 
rates, ku and kf. Error bars in panels (b) and (c) represent the standard deviation of 3 
independent measurements. 
 
Figure 8. Refolding of pSRII from the apo-protein state (SO390). (a) Absorption spectra 
for refolding from SO390 in (i) 0.410 ΧSDS and (ii) 0.519 ΧSDS, both in 0.5% c7-DHPC. (b) 
Natural logarithm of the apparent refolding rate (ln kapp) from SO390 is linearly dependent on 
ΧSDS. (c) Refolding yield of SO390 decreases with increasing amount of time spent in the 
unfolded state, suggesting that only the monomeric species might be capable of rebinding 
retinal and regenerating the native chromophore. Error bars in panels (b) and (c) represent 
the standard deviation of 3 independent measurements. Results from one representative gel 
is shown for estimating the monomeric content by SDS-PAGE (see Fig. S1d). 
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